Reliable thermophysical data of Ni-based superalloys are needed for the mathematical modelling of solidification in casting applications. This paper derives equations and procedures to calculate the following properties of these alloys from chemical composition of the alloy: the gЈ phase content, liquidus and solidus temperatures, density and thermal expansion coefficient, heat capacity and enthalpy, electrical resistivity, thermal diffusivity and conductivity, viscosity, surface tension and contact angle. Estimates are also for the diffusion coefficient and emissivity. This work has revealed an urgent need for reliable property measurements on liquid Ni-based alloys for the following: heat capacity, electrical resistivity, thermal diffusivity and conductivity, emissivity and diffusion coefficients.
Introduction
Nickel-based superalloys are used in aero-engine production and in power engineering applications because of their high strength at high temperatures. The mechanical strength can be further improved by using directional solidification. These alloys contain a large number of elements. They can be divided into three groups the first being elements which are chemically similar to nickel e.g. Cr, Fe and Co. The second group are the "heavy metals" such as W, Re, Nb, Ta and Hf which give the alloy high-temperature solution strength. The third group contains Al and Ti which form precipitates of Ni 3 (Al, Ti) which is known as the gЈ phase which has a L 1 structure (quite similar to the fcc g matrix).
The gЈ phase precipitates strengthen the alloy by hindering the movement of dislocations. The gЈ phase also contains Ni 3 Cr and Ni 3 Fe which both decompose below 820 K.
Mathematical models of the solidification process are being developed to overcome processing problems such as "freckles", "white spots" and spurious grain growth. Model predictions have been found to improve when reliable data for the thermophysical properties (e.g. density, thermal conductivity) of the alloy are used. Unfortunately, there are a large number of Ni-based superalloys in common use and there are few reliable property data available in the literature due to the measurement difficulties associated with the reactivity of these alloys at high temperatures. Consequently, it was the aim of this work to provide reliable estimated values for the thermophysical properties of Ni-based superalloys. The work was designed to provide property data for specific alloys where no reliable data exist. It should not be taken as a substitute for actual measurements. There is no substitute for measurements.
In recent papers 1, 2) it was found that: (i) physical properties of Ni-based superalloys were dependent upon the amount of gЈ phase formed. (ii) the amount of gЈ phase can be related to the Al content of the alloy. (iii) deviations in property values and temperature dependencies of these properties could also be expressed in terms of the Al content. (iv) the density of liquid alloys was also related to the Al content showing that the strong bonding between Ni and Al atoms was maintained into the liquid phase. These findings have been used to derive the equations reported below for the calculation of a large number of physical properties.
Data Presentation
All temperatures cited in this paper are thermodynamic temperatures, K and the molecular weight is given in kg e.g. for Al, Mϭ27 g mol
Ϫ3 kg mol
Ϫ1
. The property values used in the calculations are given in Table 1 .
Property (P)-temperature relations are given in the form: Table 2 .
It was our intention to keep the equations used to calculate the property relations as simple as possible and to express property relations in mass%. For this reason property deviations related to gЈ phase content have been expressed as mass% Al. However, it is customary to calculate molar volumes (or densities) and Cp values from partial molar values of the components of the alloy and which also requires values of their mole fractions. This could have been dealt with in a simple manner if the molecular weights of the alloys were reasonably constant. Unfortunately, the molecular weights of the alloys were found to vary by Ϯ6% around the mean. This would lead to a high level of uncertainty in the calculated property value. Consequently, mole fractions are needed in the calculation of densities and Cp values.
Specimen calculations of the various properties at different temperatures have been performed to aid the reader in calculating these properties. These calculations are shown for CMSX4 and its composition is given in Table 3 . The various temperature coefficients calculated for individual properties are given in the text detailing the calculation procedures for the property in question. The calculated property values for CMSX4 are given in Table 4 .
Relation between g g and Al Content
It has been shown 1) that the amount of gЈ phase (calculated with thermodynamic software † ) can be correlated with the Al content ( Fig. 1) and the amount of gЈ phase can be calculated using Eq. (5). The gЈ phase is predominantly Ni 3 Al but the plot does not pass through the origin since Ni 3 Cr and Ni 3 Fe also contribute to the gЈ phase. However, both Ni 3 Cr and Ni 3 Fe decompose below 870 K and consequently the relation between gЈ phase content at 870 K and Al content passes through the origin since there is no Ni 3 Cr and Ni 3 Fe present. Density measurements 1) showed that the thermophysical properties of liquid Ni-based superalloys are also affected by the strong bonding between the Ni and Al atoms which also results in the chemical activities exhibiting large negative departures from ideality. 
Ϫ298
2 )ϩ(E/T)Ϫ(E/298). Table 3 . Chemical composition and other parameters for CMSX4.
Melting Range
Temperatures in this paper are thermodynamic temperatures, K.
Database
Liquidus (T liq ) and solidus (T sol ) temperatures data for the alloys were obtained from a variety of sources mainly based on DTA/DSC measurements, e.g. Refs. 3, 4) The experimental uncertainty for liquidus and solidus temperatures is probably around Ϯ5 K and Ϯ10 K, respectively.
Features of Data
The median temperatures for liquidus (T liq ) and solidus (T sol ) temperatures were 1 647 K and 1 587 K, respectively.
Derivation of Equations to Calculate Melting
Range Numerical analysis was carried out on the reported values for T liq and T sol temperatures. The coefficients obtained for those elements present in low concentrations are subject to considerable uncertainty, consequently, where possible these elements were grouped together with similar elements e.g. Nb and Hf. The relations given in Eqs. (7) and (8) were obtained and the measured and calculated values are compared in Fig. 2 and the difference between measured and calculated values of T liq and T sol values was found to be approximately Ϯ10 K and Ϯ30 K, respectively. 
Treatment of Data
It has been reported 1) that the density difference (Dr defined in Eq. (9)) is a linear function of the Al content as shown in Fig. 3 .
where r ideal is calculated from Eqs. (10) and (11) Thus it is possible to calculate the density at 298 K (ϭDr 298 ϩr 298 ideal ) using the Al content. The linear thermal expansion coefficient (a) at 298 K and the temperature dependencies were also found to be linear functions of the Al content as can be seen from Eq. (12) The linear thermal expansion coefficient (a) can be expressed as function of temperature and mass%Al, respectively, using Eqs. (1) and (4) . The coefficients are given in Table 2 . An analysis of data for molten alloys showed that liquid densities were also a linear function of the Al content as can be seen from Table 1 and Eq. (10) 10. Calculate dV/dTϭ ∑ X i (dV/dT) i using values given in 
Calculation of Density and Thermal

Comparison of Calculated and Measured Values
The uncertainties in the calculated values of a are about Ϯ5% but calculated density and molar volume values are within Ϯ2% of measured values.
Heat Capacity (Cp) and Enthalpy (H T ؊H 298 )
Database
Cp and enthalpy data have been reported for CMSX4, 10, 11) IN718, [8] [9] [10] IN 600 and Nimonic 75, 12) IN 625 and Hastelloy X, 13, 14) CMSX10, IN738, CM186 LC and Rene 80 7) . Cp values for the liquid phase have been reported for IN718, IN738, CMSX4, CMSX10, CM186LC and Rene 80. 7, 8, 10, 11) 
Treatment of Data
It has been reported 2) that DCp 298 (which is defined in Eq. (14) 
The temperature dependencies of enthalpy and Cp (given in the form of Eqs. (2) and (3), respectively) were also found to be functions of the Al content. It was also reported 2) that:
there was a step increase 16) and IN718. 8, 9) The experimental uncertainty is probably around Ϯ5% for these measurements.
Calculation of Cp and (H
The only resistivity measurements reported for liquid alloys are those for IN718 reported by Pottlacher et al. 8) 
Treatment of Data
It has been reported 2) that:
The electrical resistivity at 320 K is a linear function of the Al content ( Fig. 8 and Eq. (17)). (ii) The temperature dependency was also a function of mass%Al ( Fig. 9 ) (iii) Resistivity values in the transition range (1 070-1 470 K) will vary with the time-temperature record of the specimen (iv) At temperatures Ͼ1 270 K the (gЈ→g) transition results in the resistivity approaching that of common value for the g matrix (consequently, best fit curves were constrained to give a common value at 1 500 K). 
Comparison of Calculated and Measured Values
Electrical resistivity values are affected by microstructural features since electrons can be scattered by precipitates and grain boundaries and consequently values tend to vary. Nevertheless, differences between calculated and measured values of resistivity were ϽϮ10 %.
Thermal Conductivity (k) and Diffusivity (a)
The thermal conductivity (k) can be calculated from (i) the thermal diffusivity (a) using Eq. (18) 13) Hastelloy X. 14, 23, 24) The experimental uncertainty is about Ϯ5% except in the transition range (1070-1470 K) where values will vary with heat treatment and thus values are subject to much bigger uncertainties.
Thermal diffusivity values for liquid alloys have been reported by several workers. 7, 17, 18, 21, 22) Direct measurements of thermal conductivity have been reported for the following alloys: Nimonic 75; 80; 90; 95; 100; 105 15) and Inconel 600. 12) The experimental uncertainties associated with these measurements are about Ϯ5% but thermal conductivity values obtained from Eq. (18) will be subject to larger errors because of additional uncertainties associated with density and Cp values. It is recommended that Cp* ideal values should be used for TϾ870 K in this type of calculation.
Treatment of Data
It has been reported 2) that: (i) thermal diffusivity (a) and conductivity (k) are both linear functions of the Al content (Figs. 10 and 11 and Eqs. (20) and (21), respectively). (ii) the temperature dependencies are also functions of mass%Al (Figs. 12 and 13, respectively) ; the coefficients, A and B were derived by assuming that at 1 500 K is completely g-phase and thus a 1 500 ϭ4.2ϫ 10 Ϫ6 m 2 s Ϫ1 and k 1500 ϭ27.3 W m Ϫ1 K Ϫ1 for all groups (i.e. are independent of composition). 
Comparison of Calculated and Measured Values
Thermal diffusivities and conductivities are also affected by microstructure since they (like R) too involve the transport of electrons. Uncertainty in the calculated k 1 m values will be ϾϮ10 %.
Viscosity (h h)
Database
Viscosity data for Ni-based superalloys have been determined using the oscillating crucible method by Sato 25) for CM247, CMSX4, MM247 and TMS 75 and by Brooks et al. 26) for IN718 and by Overfelt et al. 27) for MAR M247, IN 939 and IN718. In general, the agreement is good (within 10 %). Measurements have also been determined by Wunderlich and Fecht 11, 28) using the oscillating drop method (parabolic flights) and in general the agreement between the two methods is good although some correction may be needed for the effect of the electro-magnetic field originating from the positioning device.
29) The experimental uncertainties are probably Ϯ5-10%.
Viscosity data for the effect of Co, Cr and Fe on the viscosity of Ni have been reported by Sato. 30, 31) 
Treatment of Data and Derivation of Equations
The viscosities of the alloys are higher than those of Ni. This could possibly be due to:
1. the effect of Cr, Fe and Co which have higher viscosities than Ni, 2. larger, heavier elements (e.g. W, Re) hinder the movement of one layer of atoms over another layer and 3. the tight bonding between Ni and Al atoms (seen in the density and chemical activity data) hinders the movement of atoms and leads to higher viscosities. The data were treated in the following manner: 1. log 10 h-(1/T) plots for the alloys were extrapolated to 1 650 K (mean T liq for the alloys) to obtain log 10 h (Fig. 14) . It can be seen that there is a trend of increasing viscosity with increasing heavy element concentration. The effects of Al on the alloy viscosity could not be detected since most alloys contained ca. 5.5 mass% Al. The two exceptions (IN718 and 738) both lie above the line but the departure from the line was within the experimental scatter.
Calculation of Viscosity
The recommended equation for calculating viscosities of alloys is given in Eq. (22) log 10 h T alloy ϭ2 570/TϪ0.8224ϩ1.75ϫ10
where Y i is the mass% of the element i and Y heavy refers to the total mass% of heavy elements (i.e., {WϩReϩNbϩ TaϩMoϩHf}).
Comparison of Calculated and Measured Values
The log 10 h-(1/T) plots for the calculated and measured values are shown for CMSX4, MM247 and IN738 in Fig.  15 and the differences in log 10 h for the other alloys are given in Table 5 . The agreement is considered to be very good when the experimental uncertainties are taken into account.
Surface Tension
Database
Surface tension measurements have been reported (1) Li et al. 5) using the sessile drop method for alloys CMSX4, CMSX10 and CM186 LC, (2) by Brooks et al. 32) using the oscillating drop method for IN718 and (3) by Wunderlich and Fecht 11, 28) using the oscillating drop method (parabolic flights) for alloys C263, IN738, MM247, the values of (dg/dT) for IN738 and MM247 LC seem excessively large. Li et al. 5) pointed out that the reaction of Hf in CM186 LC with the alumina substrate led to a contact angle Ͻ90°w hich would lead to a less-reliable value for the surface tension of this alloy. In addition, surface tension measurements have been reported by various investigators using different techniques on one specific batch of CMSX4.
11)
The results are shown in Fig. 16 and show a large degree of scatter.
Li et al. 5) reported contact angle (q) measurements of 155Ϯ5°at 1 700 K and 140Ϯ10°at 1 800 K for alloys CMSX4 and CMSX10 on Al 2 O 3 substrates but Hf in CM186 LC was found to react with the Al 2 O 3 substrate which resulted in values of qϽ85°.
Features of Data (i)
Surface tension data for Ni-based superalloys 11, 33, 34) are prone to considerable scatter. (ii) Some studies have reported values of (dg/dT) which are an order of magnitude greater than that of nickel. 
Derivation of Equations
The surface tension of the alloy can be calculated in two steps (i) calculation of the surface tension of the pure alloy, g alloy (i.e. zero O and S) and (ii) calculation of the effect of O and S concentrations on g alloy . The effect of prescribed concentrations of soluble O and S on the surface tension of IN718 is shown in Fig. 18. 
Comparison of Calculated and Measured Values
The values of surface tension of the alloy with zero O and S contents calculated with Eqs. (23) and (24) triangles, Egry, 11, 33) open circles, Vinet, 11, 33) squares, Ricci, 34) closed circles, Li. 5) calculated values (with the exception of CM186, which is thought to be wrong due to the reaction of Hf with the Al 2 O 3 substrate) are within Ϯ5% but the temperature dependencies (dg/dT) are much smaller than the values obtained in the parabolic flights. When the O and S contents exceed a certain critical value the (dg/dT) changes from negative to positive (e.g. CMSX10 in Fig. 17) . The reasonable agreement in the surface tension values for this alloy suggests that the Eqs. (23) and (24) slightly underestimate the surface tension (since any O and S in the alloy will reduce the surface tension).
Emissivity (e e)
Database
The emissivity values are very sensitive to the state of the surface e.g. surface roughness and presence of oxide films. Values for the solid state for both total normal (e TN ) and spectral normal (e lN ) emissivity lie between 0.1 and 0.2 for polished samples with a shiny surface and 0.8-0.9 for an oxidised surface. Pottlacher et al. 8) reported values of e lN ϭ0.49 for lϭ684 nm for the solid state decreasing to 0.4 for the liquid state. This suggests the surface of the sample was partially-oxidised.
Diffusion Coefficient (D)
The diffusion coefficient is a fundamental quantity required for modelling and optimisation of heat treatment (solid-sate diffusion coefficient) and solidification (liquidstate diffusion coefficient) processes. Liquid diffusion coefficient influences the scale of dendritic segregation and the competitive growth mechanisms that control grain selection in Ni-based superalloys.
Database
Diffusion coefficients have been reported for Ni-based binary and ternary alloys [36] [37] [38] but there have been few measurements reported for the liquid state. 39, 40) Measurements of D for liquid alloys tend to be high due to contributions from convection. Consequently, experimental uncertainties in the measurements of D tend to be large. Alternatively, models and empirical correlations have been developed to calculate self diffusion and interdiffusion coefficients in liquid metals which have been reviewed by Iida and Guthrie. 41) Therefore, an order of magnitude estimate of the liquid diffusion coefficient can be obtained using correlations such as the Stokes-Einstein or the Eyring equation based on the hydrodynamic theory. These equations relate the diffusion coefficient to the viscosity of the molten alloy and the atomic size of the diffusing element. This could be regarded as an effective diffusion coefficient in the matrix metal. However, accurate measurement of the liquid diffusion coefficients in Ni-based alloys is urgently required and will provide data for modelling purposes such as solidification simulation. This will provide also a method of validation for the empirical correlations used in estimating the liquid diffusion coefficient.
Derivation of Equations
Various equations have been proposed for calculating the diffusion coefficient from other physical properties. The Stokes-Einstein and Eyring equations shown in Eqs. (30) and ( (31) where h is the viscosity, k b is the Boltzmann's constant, r is the atomic radius of the diffusing element and l is the average interatomic distance.
Comparison of Calculated and Measured Values
The validity of Eqs. (30) and (31) 
Conclusions
The following conclusions can be drawn from the present study:
(1) There is an urgent need for accurate measurements for Cp, electrical resistivity, thermal diffusivity and thermal conductivity of Ni-based superalloys to enable (i) reliable property estimation for liquid alloys (ii) to determine whether these properties are affected by the Al content like the density.
(2) Procedures are described to calculate the following properties of Ni-based superalloys from their chemical compositions (probable uncertainties are given in parenthesis): Liquidus and solidus temperatures (Ϯ10 K and Ϯ30 K, respectively); densities (Ϯ2%), molar volumes (Ϯ2%) and expansion coefficients (Ϯ5%); heat capacities (Ϯ2 to 5%) and enthalpies (Ϯ2 to 5 %); electrical resistivities (Ϯ10 %): thermal diffusivities (Ϯ10 %) and conductivities (Ϯ10 %); viscosities (Ϯ10 %) and surface tensions(Ϯ5%). 
